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ABSTRACT 


The purpose of this study was to investigate the 
effect cf the diameter cf handwheels, used as wheels, upon 
the time required to adjust the handwheel to a specified 
degree of accuracy for several torques. 

Five handwheels, ranging in diameter from four to 
fourteen inches, with axial loads ranging from 6.05 to 108.15 
ineh-pounds, were used for this experiment. Thirteen opera- 
tors were used. Each operator was required to use beth hands 
to adjust a pointer ina counter-clockwise direction through 
an are of SO degrees to within an accuracy range of one 
degree. The time required to make each adjustment vas 
measured on a tape recording kymograph. Ten readings were 
taken for each torque and each handwheel, except for the two 
smaller handwheels of four-ineh and five-inch diameters. iio 
readings were taken for the heaviest load of 108.15 inen- 
pounds for these two handwheels, since it was evidently un- 
reasonable to expect the operators to adjust these handwneels 
under this condition. 

It was found that the selected experimental pare- 
meters were adequate to give stetistical significance to the 
data collected. Within the limits of this investigation, 
the four-inech handwheel appeared to result in the slowest 
operator performance while the ten-inch handwheel appeared 


to result in the speediest operator performance. 
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THE EFFSCT OF THE DIAMETER OF HANDWHEELS, USED AS 
WHEELS, UPO! THE TIME REQUIRED FOR ADJUSTMENT 


INTRODUCTION AND FURPOSE 


A survey of the literature shows that several 
studies covering the field of handwheel selection have been 


di. concerned with the problem 


conducted. Extensive studies 
of selecting the proper hendwheel to be used on radar equip- 
ment for the tracking of targets have been conducted under 

the auspices of the National Defense Nesearch Comittee. 
However, there has been relatively little experimentation 
unfiertaken from the standpoint of determining the proper 

size of handwheel to be used on machine tools. 

Davis” conducted an experiment in order to “deter- 
mine the factors making for optimum control and speed of 
usage of handwheels, cranks and crossbars under the condition 
of application involving single settings of indicators within 
Glose tolerance limits". 

The author's investigation was undertaken in order 
to further study a particuler segment of the problem of hand- 
wheel selection so that the machine designer might have re- 
liable and complete information, within certain experimental 
parameters, for the selection of the optimum size of handwheel 
1. The FoxbomGompany, Foxboro, Mass., inertia, Friction and 

Diameter in Mandwheel Tracking, 0.5.8.0. Report No. 3454. 


2. Davis, L. E., Custom-Tailor Your Manval Controls, Machine 
Design, 21, oe SET AIEO "—_ °° 
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which would result in the speediest operator performance, 
The purpose of this study was to investigate 

the effect of the diameter of handwheels, used as wheels, 

upon the time required to adjust the handwheel to a speci- 


fied degree of accuracy for several torques. 
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APPARATUS 
The equipment used tc ccondust the experiment 
is described below: 
1. Five cast iron handwheels (Figure 1) of the follow- 
ing diameters were used: four-ineh, five~ineh, seven- 
inch, ten-ineh and fourteen-inch. These handwheels 
were fitted with solid type handles and were considered 
to be representative of handwheels usually available to 
the machine designer. Although this experiment was 
conducted using the handwheels as wheels instead of 
eranks, it was decided that actual conditions would be 
better simulated by leaving the handles fitted to the 
handwheels. 
&, A shaft, on whieh the handwheels eould be fastened, 
Connected througk a chain of gears to a light wooden 
pointer (Figure 2). This system of gearing caused the 
operator to rotate the handwheel through 150 degrees 
in order to move the pointer through an are of 50 
degrees. This shaft rotated through sleeve bearings, 
Whieh in turn were fastened to a rigid wooden structure. 
3. A Gevice (Figure 3), similar to a prony brake, was 
used to apply axial loading to the shaft. A oylindri-~ 
eal wooden pulley was fastened, between the bearings, 
to the shaft. A length of automobile type brake lining 


was passed over the pulley. One end of the brake lining 
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was fastened to the base of the apparatus and to the 
other end a hanger was attached. Removable steel 
weights ecouid be placed on this hanger to provide the 
necessary braking action. 

4. A semi-cireular plywood backboard (Figure 4) was 
securely fastened in a plane paraliel to and directly 
behind that which was generated by the rotating pointer. 
The backboard was painted white, aml biack markings” 
were provided to indicate the required position of the 
pointer. 

5. A stimulus light (Figure 4) was fastened on top 

of the backboard directly over the peinter's vertical 
position. This light consisted of a 6 watt, 115 volt 
bulb which illuminated a red glass liens. 

6. <A tape recording kymograph (Figure 5), manufactured 
by the Lafayette Instrument Company, Lafayette, Indiana 
was used to record times. The tape was edvanced at a 
rate of 22.496 om. per second when the kymograph was 
operated, 

7. A “eat's whisker” was attached to the pointer such 
that an electric circuit would be completed when the 
pointer was within the specified accuracy range. hen 
this circuit was completed a system of relays caused 

a stylus on the kymograph to be actuated. 


3. Paterson, A. G. and Tinker, M. A., Black versu 
White Type, Jour. Applied Psyehol., 15: 245-251, 1 21. 
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G&G. In order to minimize the variable due to the 
operator's reaction time, it was decided to measure 
time from the instant the handwheel was grasped until 


the pointer was finally positioned within the speci- 


fied accuracy range. A eapacity-~-ope rated relay* 


(Figure 6) was constructed for the purpose of ac- 
tuating a stylus on the kymograph at the instant the 
operator touched tne handwheel. A circuit diagram of 
this device is included in Figure 7; the operation of 
this capacity-operated relay is explained in the fol- 
Lowing*: 


As the antenna-to~-ground capacity is 
inereased, the amplitude of oscillation can 
be made to increase. The 637 tube is used 
as an oscillator. The rectifying action of 
the grid of the Z5L6 relay tube causes a 
rectified a-c-voltage, equal to the peak 
value of oscillating voltage on the cathode 
of the 637, to be built up in the grid-leak 
and condenser. The oscillator oscillates 
on each positive cycle of plate voltage, 
but during this time the 25L6 tube, whose 
plat? connects to the other side of the 
line, is non-conducting. The negative charge 
built up on the grid of the 25L6 does not 
leak off during the non-eonduction period, 
however, and hense is effeotive in control- 
ling the relay current during the alternate 
conduction periods. 


Figure 8 illustrates the electric cireuit used to 


operate the kymographe 


4. Eleetronic's imgineering Manual; New York, MeGrew Hill. 















5 Oe Slee TRE As cotedgke Of WerTo cK! 4e 
oer a AT ee eee et te WEL e 6 Oe wSogo 
Me Goghrin eet lewiias ay feedesi of! eet eal 
“Tpit ef4 sh0s Peep leieny Vliet aes eeemion 042 

Ssalge bebetige-Wiained \ .eauey Unrwune todd 

—n Sy Soeytey ac) eet Sei wu teees owe 16 erry it) 
mae San0e4! ab? 60 ceemiowr Gt? wm eolue ¢ wl fed 
See Cheesie 6 i jeer tld trot tutes 
ieee wi oT eel? cl Sebeinet af ecived sian 
tea wid Gl dediedeee 6! eles borrteqe-iames ains 





CapacityeCperated leley 








1S] 


G ib " ce ») ot : ) fs % 7° Sea f a5 
ees kk > Eg Oe nS Webs amt wi aod & Pee Pee tr. ore Oe 


VY 7O HANOWHEEL 





DOOOQOVOOC 






5O 
Mite S 2 


Tar 


Oo: 70 OUTPUT 


RELAY 


\ 


No ci@.,., 100 turme of Mc. BC mm 
center tapped, 


F J 
rf 
ee) 





an on ce ea | “Fry @ . mF | i Po —~ + “ = hi - as Oo id f + + 
Ce Ls t h/ pl ag St AJ2e ess eC ees kN Nd oe 


TO HANOWHEEL 










CAPACITY - 
OPERATED 


RELAY 


KYMO- 
GRAPH 


N.C. 


Ceeets POINTER 





STIMULUS STIMULUS 
SWITCH LIGHT 
ca 
A.C. LINE 





PROCEDURE 
Care was taken to eliminate or minimize all of 

the many unwanted variables in this experiment. As stated 
before, the apparatus was set up so that the reaction time 
of the operator was not included in the measured time. A 
large screen, installed behing the apparatus, was provided 
in order to oliminate glare and/or distractions from out- 
side the building. <A constant source of lighting was 
provided by a floodlight whieh was placed above and to the 
rear of the operator. Ylatforms were provided so that the 
various operators could be positioned similarly with respect 
to the handwheel shaft. A rubber floor mat was provided so 
that all the operators had good footing. The experiment was 
conducted in a large, well ventilated room and the tempera- 


ture was maintained at approximately 70 degrees F. 
Since it was not practical to conduct a long 


training period for the operators, the handwheels and torques 
were presented in a random manner in order to minimize the 
effect of training. The sequence of presentation of torques 
and kandwheels was established by the use of tables of 
random numbers”. Table 1 shows the order of presentation 


ef torques and handwheels. 
Figure 9 contains 4 sample of tape from the kymo- 
graph and illustrates the method used to obtain time readings. 


5. Lindquist, Z. f., Statistical +2 gis in Educational 
Research; New York, iioughton Stetises in Co., cruP 
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Key: 


C4 0 et oy 


HANDWIEELS AND TORQUES 


7 it 
JHDBF 


4 in. 
FDHS 


7 ia 
3 BUDE 


5 in. 
HIFD 


14 in. 
DIJHFB 


7 ime 
FDU BY 
10 in. 
BIHDF 
14 in. 
DFHBI 


7 ims 
BUFID 
4 in. 
Jd DEY 


5 ine 
FHdD 


5 in. 
FID 


5 in. 
HDdF 


Table i 
ORDER OF PRESENTATION OF HANDWIEELS AND TORQUES 


10 in. 
BDLUFS 


? in. 
BDJ FH 
14 in. 
JFDEB 


4 in. 
MDIF 


7 ine 
J DBHF 


4 in. 
JuEFD 


4 in. 
DFIH 


4 in. 
HDF 


10 in. 
HIFBD 


10 in. 
FBILD 


10 ine 
HiDd FB 


10 in. 
JFBDE 


4 in. 
HFDS 


108 e 15 in-lbs e 


55.35 
£8.20 
17.20 

6.05 





14 in. 
BF DH 


20 in. 


HdDFS 


10 in. 
HFDBI 


14 in. 
oFHDB 


S in. 
JFDE 


10 its 
HBFDS 


7 in. 
HFd BD 


7 in. 
DHFIB 


14 ine 
BFADS 


7? in. 
JHDFB 


14 in. 
J FDBI 


7 tim 
PBDI 


14 in. 
JEDBF 


4 in. 
ERID 


S in, 
FDdE 


4 in. 
Pd Dri 


10 in, 
BFJHD 


4 in. 
LHID 


5 ine 
FIDE 


5 ie 
FIDE 


10 in. 
Dd BUF 
4 in. 
HOFT 
14 in. 
HBIDF 
7 in. 
HDEIF 
4 in. 
HJFD 


7 ine 
DFIJHB 


1S 


S in. 
HIFD 


14 in. 
BIHFD 


5 in, 
DEFI 


7 in. 
De FER 


Ii im, 
Hd FBD 


i4 in. 
3 BFED 


14 in. 
DBIFU 


S in. 
Hid DF 


S ine 
JFHDB 
S in. 
JuDF 
4 in. 
JfLUD 
14 in. 
Bod FD 


10 ine 
JBRED 





, seit hits eeiw aly a ly. 






TEP EECLELSEr SS 
dul dubeeldchded bth 
dukdobbabeebtebtand 








| 








aig. & 


oc 





The operators were chosen at random; no attempt 
was made to select operators to represent a particular 
population. All the operators were males and were in good 
physical condition. Table 7, Appendix A, gives the age, 
weight, height and elbow height of the operators. 

Five torques, ranging from 6.05 to 108.15 inech- 
pounds, were used to apply axial loads to the handwheels. 
This range of torques was selected after measuring the 
torques on several representative anouins tools in Michael 
Golden Machine Tool Laboratory, Purdue University. 

Tre handwheels were assembled to the shaft so 
that their handles would be in the lower left-hand quadrant 
when the pointer was at the 30 degree position. 

Each operator was given the following instrue- 
tions prior to commencing a run: 

"You will stand directly in front of the handwheel 
and position yourself so that your knuckles, when your 
clenched fists are held together end your elbows are held 
against your sides with your forearms parallel to the 
floor, will just touch the handwheel shaft. 

"The pointer is now at the 530 degree mark. when the 
red stimulus light, which is mounted on top of the board, 
goes on you will grasp the rim of the handwheel with both 
hends and turn it in the counter-clockwise direction until 
the tip of the pointer is within the 1 degree accuracy 


range, as indicated by the mark on the board. shen the 
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pointer is correctly positioned, the stimulus light will 
g@o out. ivhen the kymogranph is stopped, return the pointer 
to the 350 degree position, remove your hands and wait for 
the next stimulus light. 

“Work as rapidly and accurately as youcan. If you 
oversnoot, return the pointer to the 1 degree mark. All 
ef your readings will be used in analyzing the data. 

"You are allowed two trials, at the lightest load, 
before taking readings for each handwheel. 

"Remember, you are to use both hands, and are to work 
as rapidly and accurately as you can. Eave you any ques- 


tions?” (Answers were given as required). 
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RESULTS 
The mean times required for each operator to adjust 
the pointer to within the required accuracy renge of one de- 
gree are tabulated in Tables 2 to 6 inclusive. Detailed data 
taken for each operator are ineluded in Tables 8 to 20 in 
Appendix A. 
The data were first subjected to an analysis of 


- to determine whether or not the varia~ 


variance technique 
tions due to the handwheels, their axial loads, the operators, 
and the verious interaction effects were significant. A 
summary of the results of these esleulations are given in 
Appendix B. Sample calculations to illustrate the mathemati- 
Gal technique employed are also included in Appendix 8. The 
results of this analysis showed, beyond reasonable doubt, 
that the handwheels differed significantly among themselves 
and that the loads also differed significantly among then- 
selves. This analysis further showed that the variation due 
to the operators was, beyond reasonable doubt, due to factors 
ether than chance alone. In addition, it was found that the 


interaction effects were, beyond reasenable doubt, due to 


factors other than chance alone. 


6. medecor, George W., Statistical Methods Applied to 


Pepgriomats iz iszisaliwte and Biology; Ames, Iowa, 
Collegiate cress, 1957. 


Croxton, Frederick A&A. and Cowden, Dudley J., Applied 
General Statistics; New York, Trentice~hall, Ine., 1959. 
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Table 2 


Mesn Times in Kundredtks of Seconds 


For Adjustment of rointer 


99.90 


965 
9O9 
1008 
1063 
909 
975 
719 
1260 
615 
138< 
73S 
702 


708 
11913 


FOUR INCH HANDWHEEL 


Tor 
28.2 17.2 
503 55 
950 §89 
713 561 
684 548 
571 482 
732 725 
464 468 
691 715 
6356 476 
861 677 
419 550 
454 553 
683 478 
8S41 7281 
Table 3 


I -Lb e 


6.05 


466 
3Ge 
486 
471 
4:7 4 
637 
426 
490 
090 
773 
O29 
S235 
369 


6417 


Mean Times in Hundredths of Seconds 


For Adjustment of vointer 


B3—ek 


454 
Dd4 
ALS 
6 34 
502 
290 
377 
J04 
45% 
4593 
041 
490 
007 


6459 


FIViE INCH MANDWH ESL 


To 
2455 
31350 
2768 
2766 
& 456 
0067 
2077 
5094 
&117 
5698 
£032 
1817 


2462 
T: 33952 


Torque (in, -Lbse) 
17 oe 6. To 


431 
454 
414 
739 
901 
495 
B25 
617 
345 
420 
456 
60S 
~ 98 


62:77 


O76 
420 
511 
525 
425 
£14 
38S 
oL5 
324 
434 
Sel 
325 
_620 


2000 
21353 
2141 
2771 
2172 
2045 
L424 
265 
1586 
eLSS 
1778 
£019 


2295 


5446 T: 26675 
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Mean Times in Hundredths of Seconds 


Table 4 


For Adjustment of Pointer 


Mean Times in Hundredths of Seconds 


SSVEN INCH HANDWHEEL 


Toraue (In.-Lbs. 


95.59 23802 
615 451 
608 375 
603 451 
607 459 
951 561 
G22 754 
4536 339 
917 640 
601 339 
995 539 
67) 567 
411 411 
020 415 

7987 6361 
table 5 


Tee 


660 
005 
607 
442 
435 
998 
BLO 
039 
279 
456 
510 
&9O 
£537 


5956 


For Adjustment of vointer 


Operator 

108.15 

1 667 
Fed 899 
3 987 
4 295 
3 688 
6 797 
7 679 
cS G16 
9 604 
10 545 
Li. 673 
Zz 645 
13 567 
T,: 9162 

Operator 

108.15 

1. 635 
Pg 436 
ve) 871 
é. 684 
i) 519 
6 666 
1 712 
8 535 
9 206 
10 737 
11 535 
12 499 
13 O15 
Ty: 7898 


Devo 


606 
4535 
685 
727 
56 
609 
45% 
620 
480 
903 
O09 
590 


7144 


TEN INCH LALDVEESL 


6.05 


9069 


Torgue (in.-Lbs. } 





L7.e 


O92 
456 
4.54 
041 
a6) 
662 
O11 
O51 
440 
O13 
S14 
O4e 
464 


6161 


6.05 


467 
273 
336 
4566 
283 
009 
068 
3579 
O94 
471 
949 
317 
433 
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To 


2987 
2660 
3175 
2640 
2709 
3420 
2139 
3585 
BLS? 
£045 
2377 
“055 
E236 


a 


T; $5035 


To 


2848 
1922 
3011 
3015 
197& 
£952 
a499 
ZOL5 
2256 
2875 
2462 
1990 
eoll 


5257 T: 32594 





Table 6 


Mean Times in Hundredths of seconds 
For Adjustment of Pointer 


FOURTEEN DNCH HAN DWHERL 





108.15 55,35 Ty 

i 672 571 2696 

2 588 452 2390 

3 753 627 ¢ 3071 

4 B34 284 742 656 763 3859 

5 641 568 518 483 AOE 2616 

G 776 704 714 696 842 3934 

7 334 336 389 549 412 1870 

8 28 740 456 459 484 2847 
9 6383 445 488 410 362 2338 

10 593 572 643 593 546 2952 
11 427 449 390 487 482 2235 
12 602 575 452 399 428 2256 
15 634 756 643 700 ©=_ 266 3499 
7: 8317 7479 6919 6711 6789 T: 36215 
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After these data had been analyzed, further sta- 
tistical techniques’ were employed to fit curves to the 
data and to test the curves for goodness of fit. The re- 
sults of thess computations are tabulated in Appendix C, 
Table £6. A sample of these calculations is included in 
Appendix © in order to fully illustrate the statistical 
technique employed. Figures 10 to 15 show curves for opera- 
tor performance for the handwheels and torques selected. 

Two handwheels, the four-inech and the five-inch, 
were not subjected to the full range of axial torques. It 
was found to be wholly unrealistic to expect the operators 
to manipulate these handwheels when they were subjected to 
the highest exial load of 108.15 inch-pounds. In present-~- 
ing the curves included in this paper, no attempt at 
extrapolation of data beyond the range of experimentation 
has been made. According to Snedecor®: "Extrapolation is 
mostly a guessing game". 

It was shown that a straight line gave an adequate 
fit for the data for the four-ineh, five-ineh, ten-ineh, and 
fourteen-inch handwheels and that a parabola gave an adequate 
fit for the data from the seven-inch handwheel. 

The results of this study are briefly summarized: 

1. The handwheels that were used were found to differ 
significantly among themselves. 


7. Croxton and Cowden, (op. cit.). 
8. Snedecor, (op. cit.). 
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The torques selected, for axial loading, were 
found to differ significantly among themselves. 
The operators were found to differ significantly 
anongs themselves. 
The following interaction effects were found to 
be significant: 

(a). Handwheels versus torques. 

(>). Handwheels versus operators. 


(ec). Torques versus operators. 
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CONCLUSIONS 


The conclusions from this study may be swamarized 


as follows: 


1. 


4e 


9. Tiffin, Joseph, industr 
Vrentice-Hall, Inc., Ve 


The size of handwheel, used as a wheel, was a pertinent 
variable and did affeet the time required to adjust the 
pointer to the required accuracy range of one degree. 
The axial load was a pertinent variable and did affect 
the time required to adjust the pointer to the accuracy 
of one degree. 
Since the effect of training was ninimized by the process 
of randomization, it was econeluded, without proof, that 
the variation among the operators was due to individual 
differences’. 
From an inspection of the curves am using time of ad- 
justment to the specified accuracy as a criterion, the 
following conclusions concerning the use of handwheels, 
used as wheels, were made: 
(a). Of the five handwheels that were studied, the 
four-ineh handwheel appeared to result in the slowest 
operator performance for practically all the torques 
that were included in this experiment. 
(bo). Of the handwheels studied, the ten-ineh hand- 
wheel appeared to give optimum results for the range 


of torques that were investigated. 
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APYENDIX A 
Characteristics of Operators (Table 7) 
And Times Required 
For Hach Operator to Adjust the Pointer 
(Tables 8 to 20 Inclusive) 
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‘viene 
Ue edged) egutrinel & satstrentoetad 


Weis Se Lehi ls 1? Dee oe 
uexdee Oe VA od 9 gempet) 








1 
2 
3 
s 
+4) 
6 
7 
8 
9 


ae & & & 


Ci,RACTERISTICS OF OPERATORS 
Diff. 


Table 7 
Weight Height 
L49 5*-10" 
167 5'=1i" 
OO Gteg" 
L55 5'-9" 
150 o'—11" 
190 G'=2" 
185 of-])1" 
165 61-0" 
178 S* 235 
135 = ar hi 
165 5'-11" 
135 5! -5* 
175 5°-10" 


Minus 
hii Was 
Plus 
Plus 
(2s 
Flus 
Mi nus 
Plus 
Lil nus 
Mi mas 
iinus 


Yinus 


1/8" 
1/4" 
1/e" 
1/8" 
1/4" 
1/8" 
1/4" 
1/4" 
1/4" 
1/4" 
1/4" 
1/4" 


hone 


OL 


Between shaft 
and Elbow Height 








TH el 


*janti 





REEESERiRRa28 


SERRE SESE Ra wEs 


BRERST See Pere ee 





Torques 


(In-Lbs) 


102.15 


55.55 


28.20 


17.20 


Time in liundredths of Seeonds 
For Adjustment of Pointer 


4 in, 


eR PQ 
ae ae Ah ae 
ie te ar 
<> a> an am 


69 86 


97 105 


197 65 
66 64 
87 87 


66 937 
33 «65 
00 28 
oo 81 


9L 68 
oo 46 


Sl SO 


36 «6461 
Si 49 


Table & 


OPERATOR NO. 


i 


Handwheels 


5 in. 


ae ah ow we 


62 49 
44 56 
102 48 
70 86 
i134 83 


96 3&5 
29 49 


38 25 
49 45 


77 41 
£l 71 


ao 49 
54 36 


i9 19 
60 355 


S56 99 


14 166 
40 59 


26 


14 in. 


67 
66 
SL 





Hi og hb } 3 


hi Pith hele dk tee coe 





1 {1 Sl 











eixaa “S204 “dawa Sleea stave 
ac2az clase eeenk Keaee asede 








SEEMS S2299 BUNS Shave ETH 

‘QGEG2 BURRE EOeE Senwe veut 
eOSGs SASa= Sarst aezen acned 

al 2028 SRBES SEHee ANSE S4Ede 





} 





s 





Table 9 


Tine in Hundredths of Seconds 
For adjustment of Pointer 


OPERATOR NO. 2 





Handwheels 
Torque 

(Iin-Lbs) 4 in. _5 in. - 7 ip, 10 ine 14 in. 
108.15 ---~ ---- 94 85 42 42 $73 44 
---- ---- 89 78 42 45 65 53 
mn: a 96 126 45 4 66 49 
cael cneeaan 97 «6881 33 50 55 73 
“--- ---- 75 76 42 45 587 48 
55.39 108 95 79 68 Se 8662 oo 96 44 69 
87 93 80 78 99 GE 40 45 29 40 
97 112 75 75 43 55 44 36 43 4 
79 80 77 65 56 73 51 46 33 39 
76 82 71 66 67 539 48 $4 56 75 
28.20 99 87 39 44 58 36 £6 25 Sl 39 
106 76 58 45 oD 39 S227 Ss S44 
1L0L 69 55 5Sé& 35 39 o6 46 40 64 
74 89 27 64 3? 42 25 24 56 38 
189 60 41 72 26 48 24 41 40 40 
17.20 62 89 35 45 19 23 57 35 335 57 
73 70 2 40 Se 27 40 534 50 60 
74 72 55 44 25 29 48 38 39 40 
65 64 S35 387 25 30 46 43 59 34 
95 59 39 42 a7 44 29 56 42 63 
6.05 49 70 53 &6 49 84 a5 a2) S87 S21 


39 54 89 25 a9 50 25 24 s9 61 
S62 48 46 41 46 48 22 84 386 Sd 
62 64 36 25 46 386 24 41 S7 47 
60 54 351 108 44 359 25 44 #77 48 





Table 10 


Time in hundredths of Seconds 
For Adjustment of Pointer 


OPERATOR HO. & 


Handwheels 
Torque 
(In-Lbs) 4, in. Sin. © 7 in. 10 in. _14 in. 
108.15 aiatetes = 97 126 89 86 89 69 


a a oo iz4 86 85 80 79 65 
— oe 90 39 92 85 G82 9 
i Saket 90 87 85 106 65 70 
— a a0 ae 114 82 79 86 $72 41 


95.35 108 115 6&4 6&1 64 55 76 70 S54 60 
98 98 74 76 99 94 76 839 G62 99 
121 96 78 81 64 49 74 67 =‘G2 SS 
S81 93 75 883 65 436 70 60 65 535 
100 98 %c 684 -- 52 69 67 56 59 


27 220 67 60 Se 46 £8 60 05 47 ol 435 
92 74 35 45 75 47 ol 48 72 93 
75 G& 41 &% 4 47 43 71 42 62 
74 45 38 SB oo 45 74 107 45 47 
70 S& 45 61 40 $51 99 S4 44 46 


17.20 60 47 of 41 590 36 m3 48 66 60 
60 64 39 35 SL Se 49 47 49 62 
45 S54 sé 49 63 36 45 45 vo 64 
ol 65 41 37 101 67 57 59 D4 54 
SL 64 SS 68 61 65 42 56 95 64 


6.05 Sl S56 45 37 85 106 42 45 oe «695 
30 44 #41 41 47 26 33 87 44 46 
48 50 77 40 ol Sl 33 55 70 939 
$2 44 44 57 97 31 04 S31 45 43 
57 Se 89 4a 42 1 oo 25 72 7% 








Table il 


Time in Hundredths of seconds 
For Adjustment of Fointer 


OPERATOR NO. 4 


Torque 
(In-Lbs) 4 in. 5 in, 7 in, 10 in, 14 in. 
108,15 sshetetee ~—-—-~ 69 47 72 56 74 75 
---- ee 45 61 65 101 101 70 
--<- -——- 89 49 54 65 118 587 
-“--= ---- 77 57 59 79 81 
—m “we 56 50 BT FO 67 82 
$5.55 83 108 735 72 62 60 75 Sé 80 82 
85 106 65 93 Sl 53 75 118 75 121 
99 114 92 66 36 «651 56 8&9 67 84 
9 113 185 62 79 69 80 48 126 68 
153 1160 87 860 59 65 77 S21 100 861 
28.20 52 60 47 56 34 42 65 835 se 87 
60 97 43 46 53 89 77 $6 77 «8698 
74 104 1426 59 S? 32 50 51 100 54 
52 59 94 44 35 68 70 56 48 63 
50 76 69 34 60 39 5S 5&8 97 56 
17.20 52 60 93 64 53 §3 66 $4 45 60 
65 42 7% 86 o4 96 44 29 68 53 
42. 60 78 635 18 42 59 49 75 
5465 66 51 45 49 36 388 104 67 
62 46 66 94 38 49 64 52 52 56 
6.05 61 26 54 48 69 74 60 69 71. 85 


60 £0 30 2&7 ol 35S S65 S35 101 68 
96 26 47 104 66 35 44 41 45 101 
04 54 69 26 60 29 43 44 100 74 
70 44 $57 483 oo Sl SY 3&7 90 685 
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Table 12 


Time in liundredths of Seecnds 
For Adjustment of Pointer 


OPERATOR NO. 5 


llandwhesis 
Torque 
(In-Lbs) 4 in. >in. |_F ims 10 ine _14 in. 
108.15 asleaheden a 62 67 58 32 109 67 
acaiehes —— 67 59 55 36 66 49 
“<= aheaeaian 68 65 56 64 86 57 
an sadenneien 09 389 49 30 62 37 
-——— oteebes 72 60 49 72 62 46 
95.55 112 101 108 66 56 66 62 46 SO 46 
56 76 68 97 De «60S ol 45 65 99 
87 80 71 5Sé 49 47 46 55 50 <-- 
70 98 $74 72 67 44 53 62 é1 -- 
97 112 64 72 44 7% 56 62 67 =-- 
28.20 61 41 49 44 65 48 41 37 44 5S2 
B84 57 39 SS 52 111 2 1Y SS SY 
60 583 30 79 95 56 25 17 «+60 64 
51 45 31 80 47. 4) 41 41 37 70 
390 49 44 75 47 41 32 17 39 42 
17.20 49 41 44 41 360 (37 64 £0 67 32 
S92 65 70 48 75 38 27 66 60 35 
3 3S 5&1 4 45 49 46 17 60 34 
57 Sl 46 47 44, 39 34 22 60 87 
47 49 47 63 39 «638 39 416 42 56 
6.05 72 39 S939 44 76 47 26 S37 44 S21 
oo 64 43 29 35 45 24 2S o7 6S4 
37 0 =-0— 46 8 45 46 24 21 58 29 


20 536 29 36 49 30 41 £0 oY 627 
DD 49 38 30 44 35 36 Sl 35 36 
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Table 13 


Time in hundredths of Seconds 
For adjustment oc f rointer 


. OPERATOR NO. 6 


Handwheels 
Torque 
(In-Lbs ) 4 in. oO ine _7 ine 10 ine _14 in. 
106.15 aia me 6 64 65 96 33 74 
<a ——— 98 105 64 65 65 66 
— am 88 73 66 67 60 69 
<<a —— 88 8&8 66 64 S59 66 
— << 70 #277 66 49 107 87 
55.35 86 80 S56 7 69 91 47 69 67 G65 
62 108 60 70 77 6% 74 66 $71 71 
74 92 62 94 77 = 4S 41 49 74 71 
129 140 Sl 58 $7 99 71 47 £4%9 75 
201 8&7 G6 ct Me 71 96 49 #+.60 57 
#8.20 95 82 80 47 #+«®\109 49 39 81 118 67 
75 65 S3 356 65 67 o2 S7? 91 64 
62 64 67 41 65 62 65 39 54 66 
65 6&9 © 4 115 71 37 36 G62 61 
64 79 59 36 7? 60 41 36 67 64 
17.20 74 75 64 47 92 50 71 7 36 79 
75 66 S54 55 5. G6 i809 50 7h FS 
70 74 #44 S121 68 45 69 46 89 6& 
oe Ti 8) @ 36 «75 75 44 39 2 
69 65 3S7 41 47 61 74 4 66 66 
6.05 389 74 44 32a 35 8640 45 54 62 56 


74 67 47 3S 47 §629 35 45 36 96 
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Table 14 


Time in Eundredths of Seconds 
For Adjustment of Pointer 


‘OPERATOR NO. 7 


Handwheeis 

Torque 
(in-Lbs)} 4 in. 5 in. 7 in. 10 in. 14 in. 
108.15 eaedated nee 70 35 60 149 45 19 
a edeien lieder 92 75 85 45 58 27 
oe oa 58 103 56 98 65 19 
“we a= 44 51 51 45 Si 24 
coieoden celetenlond 75> 76 63 57 20 53 
55,35 88 61 $1 81 S58 26 65 G3 45 22 
56 62 53 34 2% 62 40 60 o4 17 
84 77 65 43 12 37 Zl 68 55 45 
106 42 36 34 23 3 22 63 20 21 
68 75 30 «661 46 76 26 34 ol $9 
28.20 85 32 18 17 19 46 635 37 22 39 
39 «641 44 47 45 40 35 36 Sl 44 
62 60 56 31 17 38 45 3& 41 25 
30 32 64 47 47 23 69 16 42 32 
SS 6930 29 23 55 28 44 30 42 51 


17.20 31 51 S55 51 41 41 7¢ 36 49 SS 
66 38 15 425 43 53 35 354 19 S56 

55 37 O06 22 £28 21 65 81 21 34 

46 38 S36 21 25 28 25 44 41 2&3 

72 535 O06 10 14 435 17 74 4 2&5 

6.05 57 ll Si 27 59 19 25 29 oe 8644 
66 39 20 69 14 39 o3 £6 O44 82 

92 Se 45 354 20 33 Se SS S9 27 

64 24 Sl 35 19 66 70 35 40 54 

19 62 49 27 17 66 a7 32 G1 49 





Tabdle 15 


Time in liundreadths of Seconds 
for Adjustment of Pointer 


OPERATOR NO. & 


Handwheeis 

Torque 
( in-iLbs } 4, in r) 8 in ° 7 in, 10 inh .@ 14 in. 
108.15 -—<= = 76 73 57 39 72 68 
“m= aaa 88 83 77 38 76 $30 
ame oe ae ae oe 91 56 75 67 77 821 
ene Sele 89 60 47 45 78 721. 
me caleetaatied lig 8&8 45 45 60 65 
55.35 118 118 63 63 75 6&8 67 68 124 81 
noo 89 58 67 78 84 79 64 96 60 
105 115 118 72 113 106 57 78 74 60 
107 113 69 51 79 1035 74 65 63 64 
lll 89 74 G4 108 858 62 66 55 60 
28.20 58 61 40 483 51 71 39 68 49 60 
63 7G 64 VL 70 $2 57 26 SD 96 
B86 75 45 63 73 64 44 43 36 «636 
76 68 29 41 70 66 45 24 23 60 
Te 45 46 57 76 48 42 43 47 47 
17.20 63 57 64 61 47 69 62 40 33 47 
BS 66 53 50 1235 63 68 35 S7 6G& 
75 49 67 67 54 £6 21 50 za 70 
79 62 67 76 SL 456 36 «4535 54 435 
835 76 60 52 71 39 39 107 S760 SY 
6.05 52 40 50 41 52 «2h 52 26 68 35 


45 45 32 16 33 16 538 253 40 4& 
33 44 j3S 34 44 67 oo 20 71 49 
45 96 £7 8S 45 40 ol 3 46 49 
54 91 15 42 41 36 37 15 42 44 








Zable 16 


Time in Hundredths of Seconds 
For Adjustment of Pointer 


OPERATOR WO. 8 


Hendwheels 

Torque 
( in-Lbs 4 ine 5 in. 7? in ° 10 in. 14 in. 
108.15 a an em 65 56 74 61 76 Se 
Seats oe 67 67 D6 69 67 60 
soe mon 60 59 52 60 62 60 
oe renee 64 50 S51 45 62 71 
sketeaten atten 66 30 43 39 60 107 
55.35 61 60 57 62 66 59 o7 OS 66 39 


28.20 Of SS 62 537 40 4 50 SO 49 48 


17.20 S96 35 40 31 90 17 


6.95 45 29 35 G1 20 52 2. 36 66 27 
90 35 34 38 08 32 20 24 25 37 
49 45 £9 G4 90 S34 ol 47 S&F 


22 62 16 355 95 Zo 45 25 86 87 
05 S36 sl 46 7. «287 sot wt = 








time in Hundredths of Seconds 
For Adjustment of Pointer 


OPERATOR NO. 10 


Handwheels 
Torque . 
(In-Lbs) 4 in, 5 in. 7? in. 10 in. 14 in. 
108.15 “= --<= 45 64 75 80 65 


— ---— 45 57 150 S35 S2 50 
were eater 56 59 71 7O 65 36 
— san 44 78 76 Se 45 61 
oetieanee come 67 61 64 49 65 56 


95.255 126 226 75 85 #£=51 122 95 68 9 54 
108 112 92 76 30 54 49 44 79 69 
135 100 72 S31 4 G68 oe 40 69 54 
lil 252 8 64 36 Sé 3&8 32 39 44 
100 115 8 60 57 63 45 65 35 36 


28.20 7 84 SS 45 64 38 80 34 33 45 
909 92 45 33 56 34 64 G9 112 56 

92 64 59 47 78 21 56 63 3 104 

17.20 83 71 41 45 2 37 +4«%+341 SB 100 41 
70 71 37 47 «+62 40 #458 43 47 105 

63 57 40 4 86 50 62 51 41 46 

56 63 39 43 40 66 31 55 44 81 

6.05 74 76 69 45 59 26 57 67 85 50 

57 98 39 44 48 26 40 21 75 44 

63 83 46 55 44 37 430 60 43 40 


100 Se 46 47 59 84 25 49 45 76 
96 85 39 S54 24 54 98 24 65 75 








Table 18 


Time in Hundredths of Seconds 
For Adjustment of Fointer 


CPERATOR NO. 11 


Torque 
(In-Lbs}) 4 in, 5 in. 7 in. 10 in. 14 in. 
108.15 —s -——<- 79 976 61 60 4 89 


onnne ~-=— Sz 54 99 S2 40 44 
os -s== 106 56 45 61 55 38 
— ~<-= 69 75 S44 57 43 30 
== “-~~ 5G 50 90 44 + +%|%jSl_ 65 


95.35 75 76 35 39 68 74 47 115 27 2&6 
72 67 Sl @4 66 25 $5 61 37 31 

06 58 Ol 44 29 75 27 96 33 

596 SS? S56 2 46 353 99 44 (lee 70 

170) «71 a? 89 146 118 24 91 S22 35 


28. 20 33 47 127 46 $72 34 4, 44 36 30 
156 3% 66 48 36 87 61 25 87 29 

S44 16 SS SO 18 2 47 8626 OL 26 

118 41 49 28 120 Sze 99 154 41 G4 

oo 34 S83 44 115 2&5 42 45 31 65 


17.20 o4 3 45 1e 42 19 20 42 $60 61 
108 37 a7 9% BD 435 20 14 S54 Sd 

oo SE 33 Sl 80 55 65 22 336 55 

23 36 89 O08 37 155 24 S51 30 41 

108 75 25 96 44 3% 41 17 64 55 


6.05 34 28 55 S55 20 286 105 45 66 &4 
23 37 26 35 59 #18 100 39 4¢ 56 
536 ll 04 41 15 8&3 25 85 36 59 
15 640 41 So 64 41 55 SS 70 41 
74 22 26 0& S36 94 44 20 68 5S0 








Torgue 
(In-Lbs) 


108.15 


99.35 


28 .20 


17.26 


6.05 


Table 19 


Time in liundredths of Seconds 
Yor Adjustment of Pointer 


OPERATOR NO. 12 
Handwheels 


4 in, Sin. 7 in, 10 in, 14 in. 


~ = aoe =--= 105 73 44 79 130 32 
sewsonouas ~~~ 68 37 oT 435 61 51 
—— ahedeion 3D 868 91110 30 Si 
— -ome 37 56 37 20 104 60 
on “<= 87 36 59 19 Sl SZ 


71 65 S39 41 40 30 40 91 44 4&6 
o> 6 868 45 42 44 97 36 47 BS 
68 109 S30 36 48 25 27 17 So «24 
46 86 28 62 535 55 eo 14 24 56 
61 76 124 Sl 47 27 oL 42 41 S1 


44 Sl Sl 35 389 35 40 lil 44 60 
64 67 40 41 57 SO 46 39 Se 80 
79 30 107 45 26 20 42 101 S5 5 
29 18 43 47 21, #20 Of 64 Se 20 
22 32 S31 45 72 41 54 29 35 656 


45 44 99 45 25 23 15 534 45 31 
40 40 44 36 24 71 75 35 97 26 
S52 34 76 S4 16 10 m4 30 45 61 
29 36 104 42 #40 3&5 So dl 3 20 
33 40 92 SE 44 12 26 19 8 50 


38 BO 60 27 ll 26 71 2g 95 SO 
S66 12 25 £5 34 14 32 17 45 2&5 
25 S34 62 26 24 15 ae 9G «99 
37 ll 22 QO 34 72 39 #15 SS & 
32 28 24 45 26 39 25 12 34 44 








Table 20 


Time in llundredths of Seeonds 
For Adjustment of Fointer 


OPERATOR NO. 13 


Han dwheels 
Torque 
(In-Lbs) 4 in. Oo ine 7 ine 10 ine _14 in. 
108.15 anaen ~--~ 49 60 oS? Gl si 77 
a ~-=- 59 61 Sl 39 oS 51 
---= ~--- 54 66 95 6050 60 76 
~ame ~-~-~ 56 64 49 56 64 75 
aataaihes W---- 58 44 95 56 S57 65 
99-55 70 60 78 7l SO 44 45 52 120 69 
76 62 61 73 5S? 56 47 SS 61 73 
115 57 07 #457 «657 65 350 46 07 «475 
90 73 49 53 Sl 56 42 935 64 70 
59 =72 Se. 55 45 = «41 33 40 84 85 
26.20 72 63 46 48 S& 50 59 37 76 60 
73 & 61 55 44 59 oS. 63 40 64 
42 $5 SS 59 36 38 38 «39 71 89 
86 67 39 47 40 3&6 ef S56 65 537 
8S 52 37 «669)~=6360 38 37 48 #$jS7 64 
17.20 49 60 66 S35 37 48 60 47 101 70 


90 44 89 53 41 42 44 3% 97 76 
59 Se 81 45 47 31 S38 35 S77 55 
45 35 68 44 40 49 75 45 SS 44 
44 42 63 40 49 56 45 35 686 97 


6.05 41 33 112 3&8 Se 35 26 42 70 154 
78 40 68 Sl 25 35 45 Sz 95 635 
45 65 69 SO 42 24 66 34 81 61 
45 Ve 49 58 45 ¢6@ 50 41 Ge 59 
435 98 34 Sl 24 40 62 S7 689 34 





APPENDIX B 


Tables of Sums of Times 
(Tables 21 to 23 Inclusive) 


And a Summary of Caleulations 
To Show that the Variables Were significant 
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Table 21 


SUMS OF TIMES IN GECONDS FOR ALL HaANDWEEELS 


Torques 
Operators 39030 EB 2&0 17.20 6.05 To 
1 3.496 2.507 2.740 2.3502 11.045 
z e172 2.631 £2299 &e2l9 10.321 
5 be 717 2-709 &e 617 Le DLZ 11.555 
a 4.154 e144 2.906 ae 7356 12-940 
+) 3ea98 22441 222635 e065 10.065 
6 5699 50256 3.174 2.651 12.780 
7 e409 1.985 1.874 1.926 SelB4 
8 4,268 2.681 &-889 £2689 11.927 
9 2.650 2,0e1 1.948 1.764 5.663 
10 0 e800 5-185 £4685 £2660 1é .328 
11 2.877 2454 2.517 e133 9.751 
12 20474 Be 229 1.997 1.688 3-388 
13 3-046 £24633 £2577 20739 11.1357 
T,: 45 4056 34.194 32.386 29,478 T= 159.094 


Ph a = 369. 731900 
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SPS 4) oot Ge ey car we pee 
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Cnet sae tie my 2 20.5 sf 
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eal 18%,2 . 
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fable £2 











SUMS CF TIMES IN SECONDS FOR ALL TORQUES 
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Opera~ 7 
tors 4" 5" qm lo" 4h ° 
1 2.488 2.000 24320 2.213 2.024 11.045 
2 3.130 2.186 1.765 1.486 1.808 10.521 
3 2.768 8.141 2.188 2.140 2.518 11.555 
4 2.766 2.771 2047 2.351 3.025 12.940 
5 2.436 2.172 2.021 1.459 1.977 10.065 
6 3.067 2.045 2.625 2.286 2.756 12.780 
7 2.077 1.424 1.460 1.747 1.486 8.194 
g 3.094 2.165 2.569 1.980 2.119 12.927 
9 2.117 1.588 1.555 1.700 14705 8.663 
10 3.698 2.136 1.997 2.138 2.359 12.328 
11 2.082 1.778 28204 1.989 1.808 9.751 
12 1.817 2.019 1.407 1.491 1.654 8.388 
13 2.462 2.295 1.719 1.796 (2.865 11.137 
Ty: 33.952 26.675 25.875 24.696 27.896 Tal39,004 
It, = 312.419198 
Sae = 3921.896876 
ET = 1520,004748 
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Table £9 


SUMS OF TIMES IN SBCONDS FOR ALL OPERATORS 








Handwheels 
Zorques 2". 3" es a ntl Ty 
95-35 11.915 8515 7.967 7144 7479 435 4036 
297.20 8.541 6.459 6.961 6.134 6.919 54.194 
17,20 7e25L 6.277 32 956 6.2161 6.711 32-586 
6.05 6-417 32446 92069 22207 6.789 29.478 
Ty: 09.992 86.675 £5.873 244696 27.698 T= 159.094 


ie, = 1008.609128 
A - 4939,.132412 
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SUMMARY OF CALCULATIGNS 
Total sum of Squares = li = T* 7 «9050433 
L X = t 5 = ¢@ 


Subtotal Sum of Squares (w xo) - pre - a” 4.692719 
| 4 «= «260 


Wheels Sum of Squares = 2T - | 7” = 1.009014 


ae B60 


} ni 2 
Operator Sum of Squares - 27 - _T = 1.588157 
EO 60 


Wheels x Cperators Sum of Squares = Subtotal 8.5. (w x o) 
less Wheels S.3s. 
less Cperator S.5S. 
- 1.095548 


Subtotal sum of Squares (o x t) = LT, - _T* = 3.534300 


Operators x Torques Sum of Squares = Subtotal S.&. (o x t) 
less Operator 5.5. 
less Torque S.5. 


Error (t x o x w) = Total 5.3. - (Wheel S.S. / Torque 3.3. 
Operator Sebe 
¢ Wheel x Torque 3.5. 
¢ Wheel x Op. S.S. 
/ Torque x Op. SS.) 
=z 0.801920 


cee. s de = 3.173238 
13 6 


Subtotal S.S. (w x t) 





Torque Sum of Squares = Ph = = 1.574572 


ip ee 


2 
“35 260 


Wheels x Torque Sum of Squares = Subtotal 5.5. (w x t) 
- Torque 5.3. - Wheels 5.S. 
0.589652 


(as DSP OM Mus 
meena? 2 OY ~ vot c ts I ee ielot 
Netmoneh = ne ~ as = 4 0 wh eee 20 ee insoode 


ew «© * = Chee We nue Bee 
reece te SS a seumih 2 at sashes 


a pe ee ee 
“5 | 


mes + “gghS = 106 wl mocepl $ te canoe 









(f¢2 6!) o£ 


a I 
pore ~- 0 delet » iW bo x ¢) some 





= erTeere Je ae ame geeT & atone Ege 











—— ; a = (Fe 07 ee aaron 


wrere.c - - & - BS = SPRAY 2b eee SUED 


_ ieske'= 8 sagre = © OE TS mee epee soem 
2 





sourees Deg. of 
Freedom 

Wheels 

Tor ques 

Ope rators 12 

wxt LZ 

w xo 45 

Error 

wxtxo 144 

Total: 259 


Hypothesis 1: 


¥ «= 


hy 
Hp 


a 
*_ 
a 

- 


Table &4 


RESULTS OF P-T&STS 


Sum of Lean 
squares Square F Fos 


1.009014 0.258257 11.052 2,56 
1.574572 0.524857 50.652 2.86 
1.588157 0.152346 4.153 1.85 


0.989652 0.049158 8.971 1.82 
1.095546 0.062824 4.167 1.45 


G6.601920 0.005569 


72050425 0.027144 


The wheel effects are zero. 


Wheel &.3. 


ob 
43 


= ll. 052 


Wheel x Oper. X.S. 


Fos = 2.56 


Fou 


3074 


lb” 


oo New 
Or Aan 
IG ~Op 


Sinee 11.052 >2.56, the hypothesis is rejected; thus 
we can say, at the 1 per-cent level, that the wheels 
are significantly different. 


Hypothesis 2: 


F = Torque M.S. 


n 
4 
- 


The torque effects are zero. 


Di: 


a 50.652 


Torque x Oper. M.S. 


o 
36 


F 
05 
Fou 


2236 
4.353 


Sinee 50.652 > 4.38, the hypothesis is rejected; thus 


we can say, at the 1 per-cent level, that the torques 


are significantly different. 











& ela 

‘mest GU Ole 

eee a evo 
i wet wee ate 
cic} etna Tees at ee | oleean® 
4 . = 

mt ‘ower SY ete 

Sli INES | 6. 
Tt GQ. ls peered prerentty a ao 





et ee fave? 


othe On ebeette ieee aT M desterm 


Sm.il s 
an PAS ** 











St yt TE 
ore joereetn ot as sae a ee 
St ee 


_ abs Diate eaten tA sleedtegil 


mie: eee 
ef zat “wie 
cal sae ROR 











ab 





51 


Table 24 (Continued) 
hypothesis 3: The operator effects are zero, 


= 4. 153 











2 
Fs.) 

Weide 
Seg ot Yeas. 


5 = (wheel x operator M.¢ 


(wheel x oper. Mee 







Pos = 1.65 Foi = £.57 


Since 4.155 > 2.37, the hypothesis is rejected; thus 
we can say, at the 1 per-cent level, that the operators 
are significantly different. 


Hypothesis 4: Interaction effeets of wheels and torques 


ig Zero. 
FP = wneels x torgues N.S. = 8.971 
Error Ne Se 
pat = 13 F = 1.82 
ne = 144 Fo; = 2.50 


Since &.971 > 2.350, the hypothesis is rejected; thus, 

we Can say, at the 1 per-cent level, that the inter- 

action effects of the wheels and torques are signifi- 
cant. 


Hypothesis 5: Interaction effects of wheels and operators 


are ZCTO. 

F - wheels x operators M.S. = 4167 
Error MeSe 

hn, =< 4 F - 1.45 

n> = 144 Foy = 1.67 


Since 4.167 > 1.67, the hypothesis is rejected; thus, 
we can say, at the 1 per-cent level, that the inter- 
action effects of wheels and operators are signifi- 
cant. 
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Table 24 (Conti nued ) 


liypothesis 6: Interaction effects of torques and operators 
are zero, 


F = torques x operators M.S. = 1.854 
aTOr MeSe 


Mn, = 36 Fos = 1.54 
Ro = 144 Po. - 1.84 


Since 1.854 > 1.84, the hypothesis is rejected; thus, 
we can say, at the 1 per-cent level, that the inter- 
action effects of the torques and operatars are 
statistically significant. 
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Table 25 
Summary of Data Derived from Mean Times (Tables 2 to 6) 
4t 50 a” 
T 33. 952 26.675 35.035 
g* 22.168044 13.683762 15. 883865 
oper. x tor. 
Z¥% 24.738988  § 14.679377 20 485455 
zr 23,5140538 14.0762719 19.591110 
operators 
Px 22.793956 § 14,0122912 19, 3944490 
torques 
Ex 1388, 40 1386. 40 2794.35 
2X 54486.965 54486. 965 206534 
2, XY 1058. 6568 793.687 1748 .4666 
 —— 18853147 
— $i a, mm 145628476 
St = aoe 136919. 786 
10" 14" 
T 32.594 36.215 
7* 16.344136 20.1773265 
oper, x tor. 
EY, 17.326714 £0.959484 
Zr 16.664236 20.316041 
- . 
operators 
ih 16.735531 20.998687 
tor ques 
2X 2794.35 2794.35 
Ex 206534 206534 


ay + | 1560, 34195 1665 .06465 
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Table 26 


Summary of Tests of Significance for Fitted 
en Curves for Handwheels 











4 a Handwheel 
Torque o 1,.3460098 
Linear Ll 1.328963 
Dep. from 
Linear & 0.0170468 0,0085234 0.5122 3.26 
Within Torques 48 1.224935 
Ope rators 12 0.625912 
Error S36 0.599025 0.01665952 
Total - 22970944 a . 
J inch Handwheel 
ure € DF. Sede Nieide F Fos 
Torque 3 0.592509 
Linear L 0.589530 
Dep. from 
Linear 2 0.002979 0.001489 0.1952 3.26 
Within Torques 46 0.605106 
Operators 12 8 0.828529 
Error 36 0.274577 0.00762713 
0.995615 
7? Inch bandwheel 
Sources Df. See MeSe F Fos 
Torques 4 0.707245 
Linear 1 0.5598396 
Dep. from 
Linear 3 0.1476054 0.0492018 6.1535 £&.80 
Parabola z 0.707031 
Dep. from 
Parabola 2 Q,000214 0.000107 0.0134 2.80 
Within Torques 60 0,604845 “== “7” 
Operators L 0.510534 
tctel O°’. + ea a 
otal ° 0 , 
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Table 26 
Summary of Tests of Signifieance for Fitted 
Curves for Handwheels (Cont'd) 
Are DF. SoBe MoS. FE Fox 
Torques 4 0.320100 
Linear 1 0.295075 
Dep. from ' 
Linear He) 0.027026 0 «0090087 1.595 2.80 


Within Torques 60 0.662478 


Operators 12 0.591395 
Error 48 0.271083 0.00564756 
Lotal 0.982578 7 
source Deke aie Me Mee y Fos 
Tor ques 4£  0.21367145 

Linear lL 0,.15548225 

Dep. from 

Line er 5 0,0038252257 0,.00107741 0.5069 2.800 


sl tad ool =e 5 eeaenl ee roe iad a A = ae oo mS coe oy ora ad aes com Cae OE FD Stowe Pew. 6am ae Ce =_—_ ibe a 


Within Torgues 60 0.643445 
Operators 12 0.5414405 


Error 48 0.1020025 0,0021251 
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Sample Calculations Used to Fit Curves 
And Test for Goodness of Fit 


Seven-Ineh handwhieel:; 


fiypothesis 1: The observed data may be represented by 
a linear curve. 


S.S. due to torques = TT2 - r® = 0.707245 
—ja~ 65 
Normal Equations for Linear Curve: 
ame + a. = T 
= 2XY 
ae 5b = S8e594 


2794,.35e ¢ 206534b = 1560,.34195 
= o4nee% 5 


0.001584162 
The Estimating Equation is: 
¥_ = 06422275 + f 0.00164162 X 


S.S. Due to Linear Curves 


- 13Z(a + bX)” - T© = 0.5596396 
65 


SS. Due to Departure from Linsar Curve: 
Eq Torque S.S. - 3.5. due to Linear = 0.1476054 


Total 3.3. = ZY¢, - r = 1.60159 
é 


Within Torques 5.3. < Total 35.5, - Torque 5.5. 
= 0.894345 


S.3. due to operators = ST - r = 0.510584 


Error S.S. = 5.3. within torques - Operator S.&. 
= 0.395797 





4 elec la® wlqum 






{ior ato. oti - eevee 
mene M assassogel 
ee ee a “et 


AW WO > ES = mens 08 DA 





Applying the F Test: 


¥ = M.S. (Depe from linear) = 6.1553 
Hee LPPOoDP 
n, = 3 F = 2,80 
Aa 05 | 
Ne = 46 Fou = 4,22 


Sinee 6,153 > 4.22, the hypothesis is rejected; 
then we can say, at the 1 per-cent level, that 
the observed data cannot be represented by a 
straight line. 


Hypothesis 2: The observed data may be represented 
by a parabola. 


Normal Equations for a parabola: 
65a ¢ 62K # o2x® = T 
aix # vix® 4 osx” = SxY 
alx” 4 px” # efx* = sx*y 
65a ¢ 2794.35b ¢# 2065340 = 35.0355 
2794,.35a 4 206534b ¢ 13853147e = 1743. 4666 


206534 a /# 18853147b /¢ 1456284760 = 156919. 786 





b = 0.002584573 
e = 0.000001356 6854 


The Estimating Equation Is: 
Ye = 0.425463 / 0.008864573X 4 0.000001368834x" 


S.S. due to parabola = 132(a # bx # ox" )-E = 0.707081 
x 


S.3. due to demrtwe from parabola 
= Torque Be De = 3. Ss due to paradola 


= 0.000214 
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Applying the F Test: 


= 0,0172385 





Since 0.013382 <3,19, the hypothesis is substantiated; 
thus we cen say, at the 5 per-cent level, that the data 
can be represented by a parabola, 





60 


BIBLIOGRAPHY 


The Foxboro Company, Foxboro, Mass., Inertia, Friction 


and on eter in Iandwheel Tracking, 06.5.R.0. Report 


Davis, Le &, Custom-Tailor Your Manual Controls, 
Machine Design, 21, No. 9: 127-130, 1949. 


Paterson, A. G. and Tinker, M. A., Black Type versus 
White Type, Jour. Applied Psychol., 15: 245-251, 1951. 





, ronie's Engineering Manual; New York, McGraw 


e 


Lindquist, E. F., statistical aes in Educational 
Research; New York, Houghton Mifflin Co., 1940. 


Snedecor, George W., Statistical Methods Applied to 
riments in Agriculture and Biologzy; Ames, Lowa, 
Ollegiate Press, ° 


Groxton, Frederick E. and Cowden, Dwiley J., Applied 
fous ral Statistics; New York, Prentice-Hall, Tne., 
939. 





Tiffin, Joseph, Industrial Psychology; New York, 














Thesis 48038 


H818 House 
The effect of the dia~- 
meter of handwheels, used 
s wheels, upon the time.. 


CA tl 


18038 


Fouse 

The effect of the diameter of 
handwheels, used as wheels, 
upon the tire required for éd- 


justment. Purdue. 1952. 


Libsary 
U. S. Naval Postgraduate School 
Monterey, California 





il 


ii 





